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Abstract —Nowadays renewable energy is important and 
environmentally friendly, as it does not pollute and costs little. 
Solar energy is one of the main photovoltaic system types of 
energy. For those with no access to the main network due to 
geographical location, this kind of energy is beneficial and 
valuable in providing the needed electrical energy. This paper 
presents photovoltaic system modeling, temperature, its variation 
and irradiation, and how the system connects to the DC bus via a 
DC/DC converter. It has the ability to follow maximum power 
point tracking (MPPT) by a special control circuit, something 
useful in hybrid systems. Finally, an inverter is used to transfer 
power to the AC network and decrease the harmonic in the 
connection point. 
 
Keywords—Solar Energy, PV Panel, P&O method 
I.   NOMENCLATURE 
I L             Light current [A] 
I O            Saturation current [A] 
I              Load current [A] 
U             Output voltage [V] 
RS            Series resistance [Ω] 
A             Thermal voltage timing completion factor [V] 
ϕ              Irradiance   [ mW 2 ] 
ϕ ref          Reference irradiance [ mW 2 ] 
I refL ,           Light current at the reference condition 
T C             PV cell temperature [ C° ]  
T refC ,      Reference temperature (25 C°  in this paper) 
μ SCI ,           Temperature coefficient [A/ C° ] 
I refO ,          Saturation current at the reference condition [A] 
egap             Band gap of the material  
N S            Number of cells in series of the PV module 
q              Electron charge 
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α ref          The value of α at the reference condition   
U refOC ,       Open circuit voltage of the PV module [V]  
U refmp,        Maximum power point voltage [V] 
I refmp ,    Maximum power point current [A]  
I refSC ,        Short circuit current in reference condition [A] 
q              Electron charge (1.60218 *10-19 ) 
A              Ideality factor parameter  
K              Boltzmann’s constant (1.38066 * 10-23) 
V mp            Voltage at the maximum power point [V] 
I mp            Current at maximum power point [A] 
G             Solar radiation mW 2  
G ref          Solar radiation reference (1000 mW
2 ) 
μ isc            Temperature coefficient in short circuit [A/k] 
CPV           The overall heat capacity area [J/ C° m
2] 
K pvin ,         Transmittance – absorption product of PV cell 
K Loss         Overall heat loss coefficient [w/ C° m
2] 
T a             Ambient temperature [ C° ] 
A              Effective area of the PV cell/module [ m 2] 
II.  INTRODUCTION 
Consuming photovoltaic energy is increasing from day to day 
with the growing demand for electrical energy. On the other 
hand, the cost of this system is very high because of the non-
liner output factor of the arrays, using these systems without 
power electronic converters, and suitable controlling methods 
in the above interval are not possible. The output factor of 
these arrays varies based on fluctuating environmental 
conditions (temperature or irradiation). In addition, in each 
different essential environmental condition there is a special 
array point thanks to which we can achieve maximum array 
power to transfer to the load.  There are several control 
methods for transferring maximum array power, which can be 
used as: 
• Look-up table 
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• Perturbation and observation  
• Model-based computation  
The last method divides in two major categories, CMPPT 
(based on current) and VMPPT (based on voltage). The 
techniques used in this paper for obtaining maximum power 
value are perturbation and observation (P&O). A photovoltaic 
system usually connects to the network via a DC/DC converter 
and an inverter. A DC/DC converter is used for detecting the 
maximum array power point by control strategies. The inverter 
is normally connected to the network by a transformer, and is 
controlled by injecting AC current to the network with the 
same phase and low harmonic. This paper consists of a two-
part investigation, mathematical and simulation, which will be 
explained in the following part. Finally, results and conclusion 
are discussed in the last part.  
III.  MATHEMATICAL INVESTIGATION OF THE PHOTOVOLTAIC 
MODULE  
A photovoltaic module is identical to a solar cell, but has a 
diode equivalent. Fig.1(a) shows the diode equivalent that 
includes five parameters. Shunt resistance (Rsh) is in parallel to 
the diode because it is much larger than sires resistance (Rs). 
Therefore, taking into account the above descriptions, a 
simplified equivalent circuit of four parameters can be 
obtained. Fig.2(b) shows the simplified equivalent circuit. 
 
 
                      (a)                                                   (b) 
Fig.1 (a):  Five-parameter model; (b) Four-parameter model equivalent circuit 
for a PV cell 
 
The most important issue with the above circuit is the 
relationship between output voltage and load current, given 
below. 
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As noted, the four parameters must be calculated before the 
relationship between voltage and current is obtained. These 
four parameters include IL,Io, Rs and α.. It is clear that the 
actual solar cell is much more complex than the equivalent 
equation. For this reason, the above parameters are functions 
of temperature, solar irradiation or load current. Consequently, 
the four parameters will be determined next. 
A.  Light Current (IL) 
 According to[1] [2] and [3], IL depends on solar temperature 
and radiation, and is given by: 
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It should be noted that the light current and temperature 
coefficients are obtained from the factory data sheet. 
B.  Saturation Current (Io) 
The saturation current is also defined by [4] and [3] and is 
expressed by the following relation: 
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Moreover, the saturation current at the reference condition can 
be calculated as: 
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C.  Thermal voltage timing completion factor (α) 
According to [2], α is a function that depends on temperature 
and can be calculated by: 
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The reference value of α ref is given by: 
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D.   Series resistance (Rs)     
There are different ways to calculate series resistance. Some 
industry owners provide series resistance value in their 
documents. However, in this paper, a temperature coefficient 
of open circuit voltage ( ) is used. This value is also 
defined in manufacturer documents. According to [3], the 
proper value is: 
∂
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This method uses a procedure of limiting the maximum and 
minimum of series resistance.  It is noted that the lower value 
for Rs must be zero ohm and the upper limit for Rs can be 
derived based on a practical limit imposed by another cell 
parameter, γ  [3]. The Rs maximum value is calculated by: 
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After estimating maximum series resistance, it can be used in 
the following algorithm to calculate its best value. 
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Fig.2: Rs calculated algorithm [3] 
Finally, the above algorithm series resistance can be estimate 
by: 
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E.  Maximum power parameters (Vmp, Imp) 
Forasmuch as the cost of the PV panel is higher than other 
types of renewable energy, maximum product efficiency is 
very important. Therefore, according to [3], voltage and 
current maximum are obtained from the equations below by 
using the MPPT search algorithm (Fig.3). 
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Fig.3: The MPPT search algorithm [3] 
 
F.  Thermal model of PV 
As in the previous discussion, temperature largely affects PV 
cell efficiency. Therefore, there is a much-needed thermal 
module. According to [4], temperature area, irradiance and 
output voltage, and current have more effect on PV model 
temperature, so the following equation can be written: 
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IV.  PV PANEL MODELING AND CONTROL  
To model the PV panel all formulas should be simulated in 
Matlab. However, before explaining the simulation formulas, 
the PV model block diagram is shown in Fig.4. As shown in 
(1)–(6) solar irradiation (ϕ ), ambient temperature (Tc) and 
other manufacturing data help to calculate the four parameters. 
It is noted from Fig.4 that the thermal model determines PV 
cell temperature, while PV panel output voltage (U), PV cell 
temperature (Tc) and load current (I) are fed back to 
participate in the calculations. 
 
 
Fig.4: Block diagram of the PV panel in Matlab [4] 
A.  Four- parameter model 
The model parameters used in the simulation are given in 
Table 1, based on the values reported by [4]. To explain PV 
panel simulation, the first step is to use the four-parameter 
formula previously introduced. Then, light current (IL), 
saturation current (Io), function of temperature (α ) and series 
resistance (Rs), and their simulation are shown. 
 
Table.1 PV panel modeling parameters[2] 
IL,ref (ISC,ref) 2.664 A 
Wref 5.472 V 
Rs 1.324 Ω 
Uoc,ref 87.72 V 
Ump,ref 70.731 V 
Imp,ref 2.448 A 
Xref 1000 W/m2 
Tc,ref 25 °C 
CPV 5×104 J/(°C·m2) 
A 1.5 m2
kin,PV 0.9 
kloss 30 W/(°C·m2) 
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According to (2)-(8) and Table 1 values, the simulation of 
these formulas by Matlab software is shown below. 
 
 
Fig.5: Block diagram of light current simulation 
 
 
Fig.6: Block diagram of saturation current 
 
 
 
Fig.7: The α   block diagram                                                               
 
B.  Irradiation and temperature modeling 
According to (13) and Fig.8, the first step was to simulate the 
PV panel thermal model. Next, temperature increase was 
defined for the system using a clock. In this part, panel 
temperature also increased with an increase in area 
temperature. In addition, in the last part, solar irradiation was 
defined with the help of a clock over 24 hours. For example, 
irradiation is zero from midnight until 6 o’clock in the 
morning, after which irradiation increases parabolic ally. 
C.  Modeling of maximum current and voltage values (MPPT) 
The technique used in this paper for taking the maximum 
power value is perturbation and observation (P&O). Fig.10 
shows the algorithm diagram of this method. According to the 
perturbation and observation algorithm shown above and PV 
panel power generation, MPPT was simulated in Matlab 
(Fig.11). 
 
 
 
 
Fig.8: Irradiation and thermal simulation for PV panel 
 
   Fig.9:  Block diagram of series resistance 
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Fig.10: Algorithm diagram of P&O method [3][2] 
 
 
Fig.11: MPPT Simulation in Matlab 
 
V.  RESULTS  
In this part of the PV panel, model curves will be discussed. 
These curves include I-V and P-V characteristic model, 
temperature variation, irradiation change and PV panel output 
power.  
A.  I-V and P-V characteristic model 
The two most important curves in the photovoltaic panel are 
Power/Voltage and Current/Voltage. These curves show the 
relation between temperature, irradiation and power 
generation.  According to Table 1, this consists of PV panel 
parameters, and Fig.12 (a) and (b) show these curves [2]. 
 
 
 
Fig.12 (a): I-V characteristic curves of the PV model at different irradiance 
values 
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Fig.12 (b): P-V characteristic curves of the PV model at different operating 
temperatures 
B.  Temperature and irradiation variation 
A major problem with PV panels is output power variation 
due to temperature and irradiation changes. It is clear that 
these parameters will change over the course of a day. For 
example, during the night, PV panels do not give any solar 
irradiation and the temperature is low. However, with 
approaching sunrise, irradiation and temperature manifest a 
parabolic increase, so in this paper’s photovoltaic simulation, 
irradiation and temperature changes were made for more 
similarity to reality. Fig.13 and 14 show the simulated results. 
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Fig.13: Solar irradiation changes during a day 
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Fig.14: Area temperature changes during a day 
C.  Output power generation 
The previous PV panel figures were for ensuring correct 
operation of the photovoltaic panels. However, the most 
important aspect regarding PV panels is their output power. 
Fig.15 also shows that PV panel output power is in direct 
relation with temperature and irradiation increase. 
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Fig.15: Output power of PV panels during a day 
VI.  CONCLUSION  
In the first part of this paper, a PV equivalent circuit was 
simulated by completely investigating a four-parameter model 
and mathematical equations. Next, from the different 
maximum power detection methods, the P&O method was 
investigated and simulated, after which a detector of major 
current data was applied to receive maximum power. Finally, 
the MPPT method was applied to the PV equivalent circuit 
and the whole solar power generation system was investigated. 
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